Abstract W e report on growth and properties of Si/SiGe strained layer superlattices. Critical thicknesses and relaxation processes in single layers a r e studied with Raman spectroscopy, LEED, and TEM. Phonon Raman scattering i s used to determine built-in strain and period length of superlattices. Transport measurements show mobility enhancement in selectively doped samples. The ordering of electronic bands due t o strain yields t o two-dimensional electron gases in Si.
Introduction
The proposal of periodic one-dimensional potential structures by Esaki and Tsu / I / has i n i t i a t e d a vast amount of research a c t i v i t i e s on semiconductor superlattices. The a r t i f i c i a l periodicity perturbs the band structure of the host material giving r i s e t o narrow subbands in the conduction and valence band. Their energies a r e strongly affected by the thickness of individual layers resulting i n a change of effective gap energy. T h i s offers the possibility of tailoring the electronic and optical properties. Specific s c i e n t i f i c and technological i n t e r e s t on strained-layer superlattices (SLS) has developed during the past few years. For thin layers the l a t t i c e mismatch of the two semiconductors involved can be accommodated by e l a s t i c deformation. The corresponding strain influences drastically the band line-up and acts a s an additional parameter in band-gap engineering.
The combination of Si and Ge i s very a t t r a c t i v e due t o the interesting possib i l i t y of the occurrence of a direct-gap superlattice made of indirect-gap host materials. The band-gap conversion was f i r s t discussed by Gnutzmann and Clausecker /2/ a s a r e s u l t of Brillouin-zone folding. The new superlattice periodicity is also reflected in the phonon properties as demonstrated by Brugger e t a l . /3,4/ f o r Si/Ge SLS.
The progress in Si-MBE made i t possible t o grow high-quality pseudomorphic multilayer structures Si/SixGel-x in the entire range of alloy compositions /5,6/. Si, Ge, and SiXGel-, alloys have indirect band gaps, which were studied by optical absorption measurements /7/. There exists a 1 arge l a t t i c e mismatch between pure Si and Ge of about 4%. The l a t t i c e constant can be adjusted linearly with composition x between the values of the pure semiconductors. The fundamental band gap of bulk S i~G e l -~ ranges from 0.66 t o 1.12 eV and l i e s i n the interesting range of optical f i b e r communication (1.3 -1.55 pm). The possibility of monolithic integration cif optoelectronic components on Si-ICs i s a very stimulating prospective.
In t h i s paper we f i r s t discuss the growth properties of lattice-mismatched SixGe1,, overlayers on GaAs. Raman spectroscopy and LEED i s used t o determine the Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987569 c r i t i c a l thickness hc of sing1 e layers necessary t o design appropriate commensurably grown SLS. The phonon structure is drastically influenced both by the built-in strain and the a r t i f i c i a l period. I t i s demonstrated that Raman scattering i s an easy tool t o determine quantitatively the s t r e s s inside the layers and the period length of SLS. These parameters a r e necessary in model 1 ing band 1 ine-up and subband structure in the superlattice. The appearance of two-dimensional electron systems inside the Si-layers, as observed by Shubnikov-de Haas and cyclotron-resonance experiments /8/, can be explained cons i s t e n t l y using the strain-effects on the band structure. The modification of the electronic band structure of ultrathin Si/Ge SLS yields t o new optical transitions in the energy range below the Si band gap /9,10/.
Critical thickness and relaxation SLS can be grown epitaxially on a substrate or on an appropriate buffer layer under adequate conditions. To achieve good electronic and optical quality, the active regions should be f r e e of crystal defects l i k e misfit dislocations. This i s only possible i f the individual layer thickness and the overall dimension of asymmetricall y strained SLS remain below c r i t i c a l values which depend on the l a t t i c e mismatch. W e briefly report on systematic studies of c r i t i c a l thicknesses of SixGe1-, layers on GaAs (110) and Ge (110) surfaces. The difference i n l a t t i c e constant between the overlayer and the substrate can be linearly varied i n the range from nearly perfect l a t t i c e matching (Ge) t o about 4% (Si). The l a t t i c e mismatch i s elastically accommodated (biaxial stress) up t o a c r i t i c a l thickness hc which depends strongly on x. hc i s plotted versus l a t t i c e mismatch f i n Fig. 1 , a s determined by Raman scattering and LEED. The intensity of the LO-phonon in polar semiconductors, which is forbidden i n first-order Raman back-scattering from (110) Apart from the c r i t i c a l thickness hc of single layers there exists another c r i t i c a l length ~S L S which arises from the overall thickness of asymmetrically strained superlattices, even i f the individual layers (1,2) a r e thinner than hcl y 2 . h s~ i s found t o be determined approximately by the weighted average strain in the whoge structure ,171. Exoerimental values of hqr 9 from Si/Ge SLS a r e discussed in ---
surfaces, turns out t o be very sens i t i v e t o the creation of misfit dislocations close t o the interface. The LO-intens i t y is proportional t o t h e square of the e l e c t r i c f i e l d and consequently directly related t o the band bending in GaAs close t o the interface. This l i g h t scattering technique, which i s called electric-field-induced Raman scattering (EFIRS)
To get information on the type of misfit dislocations we have studied strained overlayers w i t h thicknesses above hc by transmission electron microscopy (TEM1/18/. Fig. 2 shows the lattice-image of a GaAs (llO)/Si0.5Ge0.5 heterojunction. The film thickness of the alloy layer i s well above the c r i t i c a l value hc. The Si0.5Ge0.5 overlayer is of good crystal qua1 ity. Additional (1 11) planes, however, appear 1n-side the film. This corresponds to a 600 mixed dislocation with s l i p vector para1 -l e l <'110> lying in a 1111) plane. The straight dislocation lines stop a t the interface as marked by arrows. Due t o the l a t t i c e misfit a high number of dangling bond states along the dislocation 1 ines a r e generated close t o the 'nterface. The expected density increases with larger misfit f up t o 7.4 x lot3 cm-2 i n the case of pure Si on GaAs (1 10).
The growth of several SixGel-x films with different compositions on GaAs (110) has also been studied by phonon Raman spectroscopy. Typical spectra of thin Si0.5Ge0.5 films are shown in Fig. 3 . The mismatch i s about 2%. The spectra were measured i n s i t u , during growth. The corresponding thickness of the overlayer i s given in Angstroem. SixGel-alloys show a three-mode behaviour /19/. The evolution of these modes can be clearfy seen i n Fig. 4 . The optical phonon of the GaAs-subs t r a t e i s attenuated due to increasing 1 ight absorption with growing overlayer thickness.There i s a characteristic s h i f t in frequency f o r commensurate, i .e. elastically strained layers. The relaxation process appears a s a continuous s h i f t i n phonon energies up t o the values of unstrained material indicated by arrows. The ;Eil relaxation i s a gradual process completed f o r film thicknesses larger than in the case of Si0 5Ge0.5. There is, however, some evidence f o r a small residual strain even f o r large film thicknesses h >> hc /20/. Raman scattering a1 lows a quantitative determination of built-in strain or corresponding stress. I t averages the strain distribution over the layer thickness and the area 07 the used laser spot.
Systematic investigations of the strain-induced s h i f t of phonon frequencies of SixGel-x a1 loy layers a r e shown in Fig. 4 for 0 < x < 0.8. All three modes of the a1 loy f i lms decrease monotonically with increasing x. The downward s h i f t i s charact e r i s t i c of t e n s i l e biaxial strain E = (a -ao)/ao with a and a. being the inplane l a t t i c e constant under strain and the i n t r i n s i c l a t t i c e constant of the film, respectively. The Si-Ge related mode vibration shows a nearly linear behaviour with strain. The frequency s h i f t can be used t o measure built-in strains quantitatively. A linear f i t t o the experimental values yields AW = -(8.82 c m -I )~( % ) f o r films under tensile biaxial s t r a i n grown on (110)-surfaces, The s h i f t has opposite sign and i s nearly twice as large a s f o r SixGel-x under biaxial compression grown on (100) Si surfaces as determined by Cerdeira e t a l . /21/. W e have a1 so studied the phonon behaviour of ultrashort period superlattices. They were grown using MBE a t a substrate temperature of 450° C and consist of 15 periods of several monolayers Si and Ge. Spectra of samples w i t h different period length d = d i + d~, a r e shown i n Fig. 5 . The periodicity along the growth direction causes a ~ri7louin-zone folding and the appearance of new gaps i n the phonon spectra Doublet modes observed below 100 cm-1 correspond t o folded LA modes. The dispersion curve of these modes can be measured /4/ and analyzed with a layered e l a s t i c continuum model /24/. The energetic positions of the back-folded modes s h i f t t o higher values with decreasing period length d a s clearly seen i n Fig. 5 . By comparing the frequencies with calculated energies t h i s can be used t o determine accurately the period of superlattices /3/.
The peaks a t higher energies (> 200 cm-1) in the spectra correspond t o optical phonons i n the SLS. The dispersion curves of Si and tie do not overlap in frequency. Therefore confined modes i n each layer a r e expected (phonon quantum we1 1 s). They show up as shoulders in the Si and Ge phonon peaks a s indicated by arrows. F i r s t order Raman spectra of pure Si and pure Ge exhibit a single peak a t 525 cm-1 and a t 305 cm-1, respectively. The strain-induced s h i f t in energy of the Si-phonon is larger i n samples 4/11 and 3/9 which were grown on a Ge(ll0) buffer layer compared with sample 6/11 grown on a Si0.25Ge0.75 buffer layer. In this case also the energy of the Ge-phonon is shifted t o higher energy in these layers. Caused by the f i n i t e penetration depth also the phonon structure of the buffer layer i s seen (denoted by P). In addition, an interface mode (IF) i s observed i n between the S i and Ge modes.
The Raman spectra directly prove the possibility of growing high quality Si/Ge SLS w i t h sharp interfaces and individual layer thicknesses of only a fev! monolayers. The spectra were taken a Tm -80 K. Electronic transport properties have been studied in Si/Sir~.gGe0,5 SLS grown on Si substrates. In such samples the sign of the strain in the SiGe alloy layers i s reversed. The arrangement i s shown in Fig. 6 . Two types of buffer layers have been used. Superlattices grown on Si are asymmetrically strained. This can be seen directly in the corresponding Raman spectrum shown in Fig. 6 . The Si phonon mode of the 60 8 thick layers appears a t the energy as expected for unstrained bulk Si (64.5 rneV). The three SiGe related modes on the other hand are shifted upwards due to biaxial compressive strain. Using a Si0.75Geo buffer layer leads to a smaller s h i f t of t i e alloy modes. In addition, the Si mode i s shifted downwards by about 1 meV for this sample. This shows the strain symmetrization in SLS grown on an Sioa7 Ge0.25 buffer layer, whose l a t t i c e spacing fiies just in between those of Si and Sio.5Geo 5. The strain distribution has a strong influence on the conduction band offset, which i s reflected directly in the transport properties of selectively doped sampl es . Successful experiments on mobility enhancements have been reported for two-dimensional electron and hole gases /8,22/.
Hal 1 mobility, Shubnikov-de Haas osci l-1 ations, and cyclotron resonance were studied with a series of symmetrically strained Si/Si0,5Ge0,5 superlattices. The samples are doped selectively with Sb by secondary implantation /25/. The position of the Sb doping spike was varied with respect to the Si/SiGe 1 ayer sequence. The temperature dependence of the mobility and the measured peak value a t T = 20 K i s shown in Fig. 7 . Enhanced mobilities are observed when the Sb-dopants are situated inside the SiGe layers. These samples show a monotonic increase of the mobility with decreasing temperature and saturation a t low temperatures. These observations have been explained by the formation of 2D electron gases i n the Si layers which are spatially separated from the charged donor impurity atoms. The twodimensional behaviour of the carriers and the confinement i n Si has been further confirmed by the angular dependence of the Shubnikov-de Haas effect and by cyclotron resonance experiments. A strain induced lowering of the Si conduction band was suggested on the basis of these experiments /23/. Energy Shift (cm-1) 
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The successful fabrication of n-channel MODFETs was recently reported by DB' mbkes e t al. /31/, which was achieved by selective 
